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Abstract: Multiple sclerosis (MS) is the most common demyelinating and an autoimmune 
disease of the central nervous system characterized by immune-mediated myelin and 
axonal damage, and chronic axonal loss attributable to the absence of myelin sheaths. T cell 
subsets (Thl, Th2, Thl7, CD8 + , NKT, CD4 + CD25 + T regulatory cells) and B cells are 
involved in this disorder, thus new MS therapies seek damage prevention by resetting 
multiple components of the immune system. The currently approved therapies are 
immunoregulatory and reduce the number and rate of lesion formation but are only 
partially effective. This review summarizes current understanding of the processes at issue: 
myelination, demyelination and remyelination — with emphasis upon myelin composition/ 
architecture and oligodendrocyte maturation and differentiation. The translational options 
target oligodendrocyte protection and myelin repair in animal models and assess their 
relevance in human. Remyelination may be enhanced by signals that promote myelin 
formation and repair. The crucial question of why remyelination fails is approached is 
several ways by examining the role in remyelination of available MS medications and 
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avenues being actively pursued to promote remyelination including: (i) cytokine -based 
immune-intervention (targeting calpain inhibition), (ii) antigen-based immunomodulation 
(targeting glycolipid-reactive iNKT cells and sphingoid mediated inflammation) and 
(iii) recombinant monoclonal antibodies-induced remyelination. 

Keywords: calpain; central nervous system; demyelination; fingolimod; glycolipids; lipids; 
multiple sclerosis; myelin; myelination; NKT cells; oligodendrocytes; remyelination; T cells 



1. Introduction 

Multiple sclerosis (MS) is a chronic disorder characterized by multifocal inflammatory infiltrates 
(T cells, B cells, macrophages) within the central nervous system (CNS) and with concomitant 
degradation of myelin, oligodendrocytes and axons, along with reactive astrogliosis and activated 
microglia [1]. A clinical hallmark is heterogeneous presentation ranging from benign with little or no 
disability even years after disease onset, a commonly encountered relapsing-remitting course, and the 
rare fulminant course [2]. Four demyelination pathologies have been recently described suggesting the 
existence of different mechanisms of inflammation, cell injury and repair [3]. Examining very early 
lesions however John Prineas and colleagues found few inflammatory cells and therefore challenge the 
dogma that cellular immune responses are preeminent in MS [4]. Disease progression is thought to be 
compounded from two underlying processes: myelin destruction (demyelination) with failure to 
remyelinate [5], and progressive axonal damage with little capacity for recovery [6]. 

Currently available disease modifying therapies for MS aim to reduce the immune response by 
targeting immunological pathways: [3-interferons, IFN|3-la (Avonex, Rebif) and IFN^-ip (Betaseron); 
the synthetic peptide glatiramer acetate (Copaxone); the antineoplastic agent mitoxantrone (Novantrone), 
and; a very late antigen-4 (VLA-4) blocker natulizumab (Tysabri) [7], but all are only partially 
effective. All of these drugs are administered by injection and many MS patients prefer oral 
treatment [7]. There are three new oral medications, already released and approved by the Food and 
Drug Administration (FDA): fingolimod marketed by Novartis as Gilenya, dimethyl fumarate 
(Tecfidera, Biogen Idee, MA, USA), and teriflunomide (Aubagio from Sanofi, Paris, France). These 
drugs mainly affect lymphocyte trafficking and/or differentiation, though more needs to be done to 
clarify their mechanisms. 

An essential challenge for MS therapy is to target not only the inflammatory aspect of the disease 
but also its neuroaxonal pathology aiming toward neuroregenerative outcomes. By broad definition, it 
is an effect that results in salvage, recovery, or regeneration of the nervous system, its cells, structure 
and function [8]. Here we describe a potential role in remyelination for currently available MS 
medications, and discuss the many avenues that are being actively studied to promote remyelination. 
The next frontier aims to delay disease progression and recover lost neurological function via MS 
therapeutics and eventually develop agents that directly affect myelin repair. 
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2. Myelin Composition and Architecture 

Myelination is an essential CNS developmental process that is characterized by lipid as well as 
protein assembly into the oliogodendrocyte cell membrane that is elaborated into a spiraling membrane 
investing axons. The multilayer CNS myelin membrane sheaths surrounding nerve fibers (axons) 
(Figure 1A) are comprised of lipids and proteins distributed according to charge, lipo- or 
hydrophilicity, and relative molecular weight [9]. One of the biochemical characteristics distinguishing 
myelin from other biological membranes is its high lipid- to-protein ratio. The lipids are assembled 
concomitantly with myelin-specific membrane proteins, the most abundant being the intrinsic 
(integral) membrane protein — myelin proteolipid protein (PLP) and the extrinsic (peripheral) myelin 
basic protein (MBP) while myelin-associated glycoprotein (MAG), myelin oligodendrocyte 
glycoprotein (MOG), and 2'3'-cyclic-nucleotide 3 '-phosphodiesterase (CNP) are quantitatively minor 
constituents (Figure IB). The three main classes of lipids comprising CNS myelin are cholesterol, 
glycosphingolipids (derivatives of galactosylceramides (GalCer) and glucosylceramides (GlcCer)), and 
phospholipids (PLs): these myelin lipid classes have long been known to have constant molar 
proportions of 2: 1:2 [10,11]. 

Galactocerebrosides (galactosylceramides; GalCer) are the most abundant glycolipid (GL) 
component of myelin, and constitute a molecular family that differs between members mainly in fatty 
acid chain length and presence or absence of a fatty acid C2 hydroxyl and with minor changes in the 
chemical structure of the sphingosine moiety. One-fifth of the total myelin glycosphingolipid 
constitute sulfatide (sGalCer) with the galactose 3'-OH sulfated: an amphiphatic GL that has a polar 
sulfated galactosyl head group facing out from the plasma membrane, and anchored in the membrane 
bilayer by ceramide-containing iV-acyl-linked long chain fatty acids. 

Other derivatives are the GalCer acetylated [12,13,14] or the GlcCer sialylated ones. Seven novel 
derivatives of GalCer (designated as FMCs for fast migrating cerebrosides on TLC) in vertebrate brain 
including human have been characterized with complete chemical and structural delineation (Figure 1C). 
The simplest FMCs (FMC-1 and FMC-2) are 3-O-acetyl-sphingosine GalCer incorporating either 
non-hydroxy or 2-hydroxy fatty acyl attached to the sphingosine base [12]. The next two, FMC-3 
and FMC-4, are the 3,6-O-acetyl-galactose derivatives [13], and the complex ones FMC-5 
and FMC-6 are 3-0-acetyl-sphingosine-2,3,4,6-tetra-0-acetyl-GalCer with non-hydroxy and 

2- hydroxy-fatty iV-acylceramide types, respectively [14]. The most hydrophobic FMC-7 is the 

3- 0-acetyl-spingosine-2,3,4,6-tetra-0-acetyl-GalCer (2-O-Ac-HFA) compound. These complex FMCs 
with penta- and hexa-acetylation of all available GalCer hydroxyls are unique, highly hydrophobic 
myelin lipids with potential for increased hydrophobic bonding to strengthen myelin membrane lipid 
interactions, and provoke immune reactions. Minor myelin components (0.1% to 0.3%) include 
gangliosides — complex iV-acetylneuraminic acid-containing glycosphingolipids — especially GMi 
(mono-sialoganglioside) and GM 4 (sialosylgalactosylceramide) [15]. 

The other major myelin lipids are cholesterol and phosphatidylethanolamine; much of the latter are 
plasmalogens with the glycerol 2'-OH fatty acids replaced by an aliphatic long-chain alkenylether. 
Phosphatidylcholine (lecithin) is a major myelin constituent, and there is less sphingomyelin. 
Sphingomyelin and cholesterol form membrane domains called "lipid rafts" [16,17] that are sites of 
such important functions as signal transduction. The CNS lipid composition has been intensively 
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studied in MS in efforts to discern a primary lipid defect [18]. Along with this, the detection of 
anti-lipid antibodies in MS has been a long-time focus with renewed interest in recent years [19]. 

Figure 1. A composite diagram summarizing features of CNS myelin: (A) architecture; 
(B) 3D-molecular composition and conformation-based assembly and (C) the unique 
sphingosine 3-0-acetylated-GalCer GL series. The diagram depicts arrangement of 
complex lipids (cholesterol, PLs and GLs) and most abundant proteins (PLP, MBP). The 
relative molar constancy of lipids: cholesterol (C):PLs:galactosylceramide (GalCer) is 
C:PLs:GalCer = 2:2:1. Proteins are marked in yellow and the comprising lipids are as 
follows: cholesterol in orange, PLs in pink and the glycosphingolipids (FMC, fast 
migrating cerebrosides; GalCer, galactosylceramide; GMi, mono-sialoganglioside; 
GM4, sialosyl-galactosylceramide; sGalCer, sulfatide) in blue. Structures of myelin 
acetyl-cerebrosides (FMCs) are shown. Adapted and modified from Podbielska et al. [20] 
with permission of Future Medicine Ltd. Additional abbreviations: CNP, 
2'3'-cyclic-nucleotide 3'-phospodiesterase; MAG, myelin-associated glycoprotein; MBP, 
myelin basic protein; MOG, myelin oligodendrocyte glycoprotein; PLP, proteolipid protein. 
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3. Myelination Process 

3.1. Oligodendrocyte Differentiation 

The central elements of the CNS — myelinating oligodendrocytes and astrocytes as well as 
neurons — are terminally differentiated cells with a limited capacity to respond to injury. They depend 
for renewal on the availability of their precursors — the oligodendrocyte progenitor cells (OPCs) and 
neuronal progenitor cells (NPCs), that undergo proliferation, migration and differentiation into defined 
progeny [21]. Generation of OPCs in the spinal cord occurs in two phases [22]. The first is ventral, 
with OPCs observed initially within the ventricular zone of the motor neuron progenitor (pMN) 
domain of neuroepithelium in early embryonic life [23,24]. Conversely, the second phase occurs in the 
dorsal spinal cord and hindbrain/telencephalon of the brain in late embryonic development and early 
post-natal life [25,26,27,28] and depends on inhibition of bone morphogenetic proteins (BMPs) [29]. 
The proliferating cells migrate into the developing white matter [30,31,32], exit the cell cycle, undergo 
differentiation into mature oligodendrocytes, and begin to express a subset of myelin-associated 
proteins [33,34]. Subsequent sequential stages of maturation to myelinating oligodendrocytes are 
identified by cell type-specific markers (Figure 2A). OPCs are highly proliferative, motile, bipolar 
cells expressing high levels of the GT 3 ganglioside, A2B5, platelet-derived growth factor a receptor 
(PDGFaR), and the neuron-glial antigen 2 (NG2), a transmembrane chondroitin sulfate proteoglycan 
(CSPG). It is important to recognize differences between developmental myelination and myelin repair 
in the adult CNS. In the adult brain and spinal cord, OPCs are ubiquitous and represent a large 
percentage of the total cell population, as much as 9% of cells in white matter and 3% in gray 
matter [35,36]. Although both processes share many similarities, and the study of developmental 
myelination contributes to our understanding of myelin regeneration, there are also divergences for the 
role of transcription and growth factors. Adult OPCs are distinct from perinatal ones [37,38]. 

3.2. Myelin Sheath Organization in the CNS 

In the CNS, a single oligodendrocyte can produce up to 40 myelin segments on multiple axons. 
Consequently, myelinating oligodendrocytes maintain as much as 5-50 x 10 3 jam 2 of membrane a 
day [39]. Maintenance of this myelin membrane occurs throughout adulthood and features a continual 
turnover of myelin correlated with a high level of expression of myelin genes long after completion of 
the myelination process [40,41]. 

Gaps in myelin are caused by the formation of the "nodes of Ranvier", which are axonal segments 
where the sodium channels that regulate electrical impulse conduction aggregate (Figure 2B). Myelin 
also forms the flanking membrane loops, termed the paranodes, which separate the nodal sodium 
channels from the potassium channels concentrated in the adjacent juxtaparanodal region (Figure 2B). 
These domains are essential for rapid saltatory conduction. Recent work suggests that axo-glial cell 
interactions influence the formation of these specialized domains. Both contact-mediated and secreted 
signaling molecules are involved. 
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Figure 2. Features of the myelination process. (A) Sequential stages of oligodendrocyte 
maturation. Specific markers for differentiation status of the oligodendrocyte 
lineage. Differentiation into mature oligodendrocytes is associated with acquisition of 
myelin-related proteins. (B) Myelin sheath organization in the CNS. Myelinating glial 
cells, oligodendrocytes in the CNS form the myelin sheath by enwrapping axons. 
Myelinated axon regions are interrupted by non-myelinated regions (nodes of Ranvier). 
Myelinated axons have four distinct domains: node (N), paranode (PN), juxtaparanode 
(JXP) and internode (INT). Nodes of Ranvier are regions of concentrated sodium channels 
that form between two internodes. Adjacent to the nodes of Ranvier are the paranode and 
the juxtaparanode. All four domains have characteristic proteins (see upper inset). At the 
nodes of Ranvier, Neurofascin 186 (Nf-186) supports the clustering of Na + channels. The 
nodal Na + channels are separated from the juxtaparanodal K + channels via the paranode, 
where Neurofascin 155 (Nf-155) binds tightly to the axonal complex of Contactin and 
Contactin-associated protein (Caspr). CNP, an abundant cytoplasmic myelin protein, is 
predominantly found at the paranode. At the juxtaparanode, clustered K + channels are 
associated to Caspr-2 and Contactin-2. 
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The correlation between the voltage-gated potassium channel (Kv) clusters at the juxtaparanodal 
junctions with the presence of compact myelin suggests that, in contrast to Nav channel clustering, 
axonal Kv channel targeting depends on the formation of compact myelin [42]. 

Reciprocal communication between oligodendrocytes, neurons, and astrocytes plays a key role in 
the formation of new myelin sheaths [43,44]. Axonal factors needed for different steps in the 
myelination process can be divided into two groups: those that stimulate, initiate and foster 
myelination, and others that are inhibitory, and must be removed or blocked for myelination to proceed 
(i.e., negative regulators of myelination) (see below). There are three putative mechanisms whereby 
axonal signals regulate myelination [45]: (i) connective with target and ensuing electrical activity: 
connectivity may influence cell surface expression of adhesion molecules that trigger nearby/ 
associated oligodendrocytes to elaborate myelin sheaths; (ii) activity-induced release of diffusible 
cues, notably adenosine, that act to inhibit OPCs proliferation and stimulate myelin formation; (iii) 
direct interactions between OPCs and unmyelinated axons may help regulate the timing of 
myelination. The balance of stimulatory and inhibitory cues dictates the spatial-temporal orchestration 
of myelination. Only axons with a diameter larger than 0.2 um are myelinated in the CNS. Axons 
become targets for myelination as they start to enlarge [33,46,47]. Furthermore, the number of wraps is 
precisely related to the axon diameter so that the ratio (called g-ratio) of axon diameter to that of the 
myelin fiber is constant in normal myelin [48]. 

3.3. Myelination in the Central and Peripheral Nervous System 

The myelin sheath plays the same role, and shares several morphological and biochemical 
properties in both CNS and PNS though there are a multitude of important differences between the 
myelin sheaths of these two systems, from the embryological and cellular levels to the molecular. They 
mandate that the two types of myelin be recognized and treated as non-identical [49]. 

In PNS the transmembrane protein zero (P0) replaces PLP as the major protein (Schwann cells also 
express low levels of PLP). DM-20, which is identical but shorter than PLP because it lacks 35 amino 
acids, is also produced from the PLP gene. Low quantities of both PLP gene products are present in the 
adult PNS, with DM-20 being the most abundant isoform. There are differences in the expression of 
the PLP gene between oligodendrocytes and Schwann cells because different tissue-specific promoters 
are used. 

In addition to the major P0 glycoprotein, compact PNS myelin contains peripheral myelin 
protein-22 (PMP22), which accounts for less than 5% of the total protein. Like PMP22, Connexin 32 
(Cx32) is an integral membrane protein with four hydrophobic transmembrane domains, mainly found 
in the paranodal regions and the Schmidt-Lanterman incisures of PNS myelin. Cx32 has been proposed 
to form gap junctions between different membrane layers of the myelin sheath generated by the same 
Schwann cell, providing a shortcut for diffusion across the non-compacted regions of the sheath. 
Another possible role for Cx32 in the PNS is the formation of gap junctions between the myelinated 
axons and the Schwann cells. 

A characteristic of PNS myelin proteins is that at least 60% are glycoproteins. Two high molecular 
mass glycoproteins are present in relatively small amounts: periaxin and MAG. MAG accounts for 
only about 0.1% of the total protein in the PNS, and about 1% in the CNS. 



Brain Sci. 2013, 3 



1289 



Two classes of basic proteins, which are the second most abundant myelin protein group (20% to 
30% of the total proteins), are present in the PNS: the MBP and the P2 protein. P2 is a member of a 
family of fatty acid-binding proteins, with a high affinity for oleic acid, retinoic acid and retinol. P2 
may serve as a lipid carrier and could thus be involved in the assembly, remodeling, and maintenance 
of myelin. Epithelial cadherin (E-cadherin) is also present in small amounts in PNS myelin. 

PNS myelin proteins are not distributed randomly throughout the Schwann cell and myelin 
membranes; some are located in the compact membranes of the myelin sheath (P0, MBP, PMP22), 
while others are found only in non-compact regions of the sheath (MAG, Connexin 32, E-Cadherin). 
This spatial distribution cannot be explained simply by differences in protein structure 
and/or hydrophobicity. 

Myelin lipids in CNS vs. PNS are qualitatively very similar and only differ quantitatively. 
Compared to that of other biological membranes, the content of glycosphingolipids with GalCer and 
sGalCer is high accounting for 14% to 26% and 2% to 7%, respectively, of the total PNS myelin lipid 
mass in adults. These levels are nevertheless lower than those encountered in the CNS. PNS myelin 
also contains gangliosides but, here again, the amounts are lower than those encountered in the CNS. 
In rat sciatic nerve myelin, 90% of the total gangliosides are monosialogangliosides, with 
sialosyl-lactoneotetraosylceramide (LMi) (61%) and GM3 (21%) accounting for the large majority. 
GMi is only a minor constituent of this membrane while GM4, which is one of the most abundant 
gangliosides in brain myelin of some species, is absent from peripheral nerve myelin. 

There are more ethanolamine phosphoglycerides (28% to 39%) than those with choline, and 
plasmalogens (phosphatidylcholine and phosphatidylethanolamine) are abundant in the PNS. 
Sphingomyelin is more enriched in peripheral nerve myelin, where it represents 10% to 35% of the 
total lipids, than in brain myelin, where it accounts for only 3% to 8% of the lipids. Phosphatidylserine 
is not particularly abundant in the myelinated peripheral nerves of mice. There is great enrichment in 
saturated very long-chain fatty acids (20 to 24 carbon atoms) in myelinated peripheral nerve tissue, and 
the large majority of these are present in the sphingolipids and, in particular, GalCer. The very 
long-chain fatty acids are mostly saturated and a-hydroxylated, or non-hydroxylated, and are amidified 
to the primary amine function of the lipid's sphingosyl moiety. As in the CNS myelin, the most 
abundant of the very long-chain fatty acyl groups in adult mouse sciatic nerves is lignoceric 
acid (C24:0). 

It is worth mention that the myelination process in the CNS differs from that for PNS as indicated 
by Table 1 . However there are also similarities, in both CNS and PNS myelin formation is under the 
influence of progesterone. 

4. Demyelination Process 

4.1. Pathology of MS 

MS is the most common human demyelinating disease. The prevalent dogma has been that CD4 + 
Thl cells release cytokines and mediators of inflammation that may cause tissue damage, although 
CD4 + Th2 cells may be involved in modulation of these effects. 
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Table 1. Differences regarding myelination in CNS vs. PNS. 



CNS 



PNS 



Myelin sheaths are formed by 
oligodendrocytes. 

Myelination appears when axonal 
diameter is >0.2 um. 

A single oligodendrocyte myelinates 
portions of multiple adjacent axons. 

Oligodendrocytes lack plasticity. 

Glycoproteins are minor constituents 
of CNS myelin. 

Cholesterol required for myelin 
synthesis is produced by the 
oligodendrocytes. 

Remyelination requires recruitment 
and differentiation of progenitor cells 
into new oligodendrocytes. 

Limited capacity of regeneration of 
central axons. 

Remyelination is regulated by axonal 
signals that differ for oligodendrocytes 
and Schwann cells [52,53]. 

CNS remyelination can also be 
achieved by Schwann cells [55] or by 
immature CNS glia with pluripotent 
capacity [56]. 



Myelin sheaths are formed by Schwann cells (the only glial cell type 
in peripheral nerves). The myelination of PNS axons by Schwann 
cells is characterized by the sequential appearance of three different 
types of nerve fibers: (fetal, promyelin, and myelinated nerve fibers). 

Myelination occurs only if axonal diameter is >0.7 |am. 

Schwann cells myelinate only one segment of a single axon. 

Schwann cells have remarkable plasticity. 
Glycoproteins constitute at least 60% of PNS myelin proteins. 

Peripheral nerves are hypomyelinated if cholesterol biosynthesis is 
lacking in Schwann cells [50]. 

Schwann cells can dedifferentiate and assume an immature cell 
phenotype similar in response to injury. 

Peripheral axons regrow spontaneously after injury in a permissive 
environment reflecting the intrinsic regenerative capacity of neurons [51]. 

Remyelination is regulated by axonal signals different from those for 
oligodendrocytes [52,53]. Schwann cells only express a myelinating 
phenotype when contacting large axons producing threshold levels of 
neuregulin-1 type III [54]. 

PNS demyelination reflects Wallerian degeneration and subsequent 

regeneration [57]. 



Recent evidence, however, suggests that additional T-cell subsets play a prominent role in MS 
immunopathology: Thl7 cells, CD8 + effector T cells and CD4 + CD25 + regulatory T cells. In addition, 
laboratory and clinical data are accumulating on the prominent role of B cells in MS pathogenesis. 
This includes a recent paper of potassium inwardly-rectifying channel antibodies with high specificity 
albeit moderate sensitivity and highlighting the potential effect of monoclonal B cell antibodies on MS 
prognosis mediating demyelination [58]. Immune cells of both the adaptive and innate systems are 
involved in the inflammatory network [59,60]. Evidences from experimental autoimmune 
encephalomyelitis (EAE) studies, as well as the cellular immune response and pathology in MS 
patients and tissue, suggest the following scenario. The immunopathological events can be divided 
into: (i) an initial T cell priming, (ii) activation phase in the periphery (i.e., thymus, lymph nodes), and 
a subsequent (iii) migration of the pro-inflammatory T cells and monocytes across the blood-brain 
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barrier (BBB), (iv) amplification of local inflammation and activation of resident antigen presenting 
cells (APCs), such as microglia, (v) effector phase of the disease: invasion of CNS parenchyma 
resulting in damaging of oligodendrocytes, myelin sheath and axons [61]. A possible further stage, the 
resolution of lesions by regulatory mechanisms and remyelination, is discussed separately (see below). 

T cell priming occurs within systemic immune compartments and is initiated by sensitization with 
myelin antigens including myelin lipids. There are different mechanisms for lipid antigen uptake 
depending upon the antigen source and its structure such that endogenous lipids are differentially 
distributed in subcellular compartments and internalized lipids are transported to different endocytotic 
vesicles depending on the length and unsaturation of their alkyl chains and their mode of 
internalization [62,63,64]. Lipids with longer alkyl chains are transported to late endosomes [62] 
corresponding to the localization of CD lb molecules which are specialized for binding long chain 
lipids [65,66]. Lipids containing alkyl chains that have multiple unsaturation sites or shorter saturated 
tails are trafficked to early or recycling endosomes [62]; compartments surveyed by CDlc and CD la 
that present these types of lipids [67,68]. 

Antigens presented by APCs within secondary lymphoid organs induce the activation and 
expansion of myelin-specific T cells, and these activated myelin-reactive T cells circulate through the 
body searching for their specific antigens to become re-activated [69]. 

Migration of T cells across the BBB is a complex multi-step process and occurs via interactions 
between adhesion molecules found on the surface of lymphocytes and endothelial cells [70]. First, 
circulating T cells slow in the bloodstream due to contact between distinct adhesion molecules on their 
surface and on endothelial cells. In the second step, homeostatic chemokines, such as CCL19 and 
CCL21 are produced by cells and mediate T cell activation [71,72], a step followed by third and fourth 
steps of firm adhesion and final transmigration of the lymphocytes. In several studies the intercellular 
adhesion molecule- 1 (ICAM-1) and the vascular cell adhesion molecule- 1 (VCAM-1) expressed on the 
CNS microvascular endothelial cells and their respective T cell ligands (LFA-1 and VLA-4) are 
implicated in crucial roles in the transmigration process. In the fifth step, CD4 + T cells accumulate 
within enlarged perivascular spaces where they can encounter their specific antigens (e.g., myelin 
components) presented by the major histocompatibility complex (MHC) class II or CD1 on the surface 
of APCs such as perivascular dendritic cells [73]. This immune synaptic contact reactivates the T cells. 
However, for complete activation, differentiation and clonal expansion, a co-stimulating process 
involving additional molecules is required [74,75]. This antigen-triggered reactivation enables T cells 
to traverse the glia limitans and migrate into CNS parenchyma. 

Upon breaching the BBB, the autoreactive CD4 + T cells initiate the local pro-inflammatory cascade. 
Eventually, a variety of effector mechanisms — including antibody-mediated cytotoxicity, oxygen and 
nitrogen radicals, pro-inflammatory cytokines and apoptosis-mediating molecules that damage 
oligodendrocytes, myelin sheaths and occasionally, at this stage, axons — are induced. 

Demyelinated plaques and associated astrocytic activation (gliosis) are the results of local 
inflammation and the major pathological characteristics of the disease [2]. Despite this insight into 
pathophysiology, the cause of MS remains unclear and definitive treatment of this frequent and chronic 
disease still eludes us. 
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4.2. Myelin Destruction 

Demyelination in MS is associated with disorganization of paranodal and juxtaparanodal domains. 
In demyelinated lesions, paranodal (paranodin and contactin-associated protein, Caspr) and 
juxtaparanodal (Kv channels and Caspr2) proteins become diffusely distributed along denuded axons, 
and aggregates disappear [76,77]. Early alterations include the overlapping of Neurofascin 
(Nf)-155-positive paranodal structures with juxtanodal Kvl.2 channels adjacent to actively 
demyelinating white matter lesions associated with injured axons [78]. Consequently, nodal sodium 
channels are then directly adjacent to juxtaparanodal potassium channels, leading to impaired saltatory 
conduction of action potentials (Figure 3). These data suggest that paranodal junctions might be the 
initial site of demyelination. 

Figure 3. Characteristics of the demyelination process. Demyelination destroys the 
paranode and sodium channels migrate laterally. Following this is sodium channels (Nav) 
redistribution and re-expression of the immature isoform of sodium channels, Navl.2. 
Persisting currents may cause conduction block and calcium overload, leading to axon 
injury and eventually loss. 
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The importance of reciprocal communication between axons and oligodendrocytes is apparent in 
neurological diseases where oligodendrocyte loss and demyelination are associated with a considerable 
degeneration of axons. Axonal damage and loss of connectivity are clearly critical determinants of 
disability progression [79,80]. Direct immunologic attack on myelinated axons, from either 
lymphocytes or soluble inflammatory mediators, accounts for 'acute' inflammatory demyelination and 
axonal loss. 
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5. Remyelination Process 

5.1. Remyelination as a True Regenerative Process 

In MS and EAE, subsequent to the demyelination and degeneration, the opposing effect — 
remyelination — and neurogenesis are stimulated and progenitor cells migrate into damage 
sites [21,81]. Remyelination is the default spontaneous process in which demyelinated axons are 
ensheathed with new myelin sheaths [82,83]. Remyelination is not only found in inactive lesions but 
can also be observed in lesions with ongoing demyelinating activity [84,85,86]. However, repair 
processes are especially characteristic of the early disease phase [87]. Prominent remyelination in the 
early stages of MS has been shown by many groups [84,88], although not invariably reported [89]. 
Remyelination may even begin within a month or two after active demyelination [84]. In contrast, 
remyelination in late stage MS appears sparse and restricted to borders of inactive lesions [89,90]. In 
late stage of MS, remyelination appears limited by oligodendrocyte density, which could be a product 
of impaired survival, proliferation, and/or migration of oligodendrocytes. Thus, myelin repair, termed 
remyelination, occurs in acute inflammatory lesions in MS and is associated with functional recovery 
and clinical remittances. The new myelin sheath may either act as a protective physical barrier to 
damaging inflammatory molecules [91], or restore trophic support to the axon [92,93,94]. 

5.2. Role of OPCs in Remyelination 

It is generally believed that remyelination in the adult CNS is mediated through OPCs identified by 
the expression of NG2 and PDGFaR [95,96]. 

Studies using in vivo models of demyelination and remyelination, as well as in vitro culture 
systems, have revealed a wealth of knowledge regarding the many sequential and necessary steps 
involved for OPCs to remyelinate a denuded axon. For remyelination to occur, OPCs must survive, 
proliferate and migrate to the site of demyelination, driven by chemotrophic factors expressed by either 
activated microglia or astrocytes within the lesions [97,98]. Once having reached a MS lesion, OPCs 
must differentiate into myelinating oligodendrocytes as directed by transcription factors, such as 
Nkx2.2 and 01ig2 that are conserved from developmental myelination [99]. Mature oligodendrocytes 
extend processes toward axons, make contact, enwrap them with concentric layers of myelin 
membrane, and finally compact these layers into functional myelin [37]. 

5.3. Restoration of the Myelin Architecture and Impulse Conduction 

Remyelination is the process of creating new myelin sheaths on axons that have been demyelinated. 
An immediate consequence of remyelination is proper redistribution of ion channels at the nodes of 
Ranvier leading to restoration of axonal function by enhancing saltatory conduction [100] and axonal 
conduction velocity and thereby resulting in functional recovery. Although remyelinated axons appear 
to regain proper function, there are observable differences in myelin architecture. Most obvious is the 
thickness of remyelinated sheaths and length of remyelinated internodal segments. Myelin sheath 
thickness normally increases with axonal diameter, but remyelinated fibers invariably have thinner sheaths 
around axons of all caliber [101]. Remyelinated internodes also tend to be shorter than developmentally 
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myelinated nodes [102]. New shorter internodes and the thinner new myelin sheaths render remyelinated 
lesions less intense with myelin stains (so-called "shadow plaques") [84,103-105]. A greater g-ratio 
remains the most reliable means of identifying remyelinated axons, though with many nodal and 
paranodal markers, knowledge of internodal length and numbers of nodes may be informative. 
Remyelinated areas frequently contain lipid-laden macrophages or microglia, which are in contact with 
thinly remyelinated fibers [84,88] and suggest active cycling between demyelination and 
remyelination. In contrast to demyelinated lesions, all remyelinated lesions in MS display 
characteristic aggregates of central Nav channels (nodes), bracketed by paranodin/Caspr (paranodes), 
Kv channels and Caspr2 (juxtaparanodes) with a mean length, in totally remyelinated lesions that is 
similar to aggregates found in the periplaque and in control tissue [77]. Furthermore, the length of 
Caspr, Kv channel, and nodal sodium channel aggregates in shadow plaques is identical to that of 
normal appearing normal MS white matter. In addition, Nf-186 and MOG appeared to localize 
appropriately in myelin sheath domains in shadow plaques [78]. Only Nf-155 showed slightly diffuse 
paranodal mislocalization in remyelinating areas [78], suggesting that Nf-155 localization to paranodes 
is a late event in remyelination. In partially remyelinated MS lesions, a number of typical 
triple-Nf-155-positive structures associated with MOG-positive myelin and distinctive unstained nodal 
gaps have been noted. These represent either transient oligodendrocyte-axonal contacts that occur 
during the process of internodal remodeling of myelin repair, or aberrant interactions. In shadow 
plaques, discretely clustered Nav-positive, Nf-186-positive and Nf-155-positive domains indicate 
restoration of the nodal architecture [78]. Similarly, restoration of normal Nav and Kv channel clusters 
is observed in remyelination in animal models [106]. More importantly, there is evidence that suggests that 
demyelinated axons are better protected from subsequent injury when they become remyelinated, perhaps 
by restoring proper growth factor signaling between the oligodendrocyte and the axon [87,107,108]. 
Finally, it is likely that the repair process is only possible during a window of time when axons are still 
intact and myelin competent. Knowledge of the duration of this window, which may vary among 
different axon types, is crucial for designing therapeutic strategies aimed at promoting appropriately 
timed myelin repair. 

6. Regulation of Remyelination 

6.1. PSA-NCAM 

Polysialylated neural cell adhesion molecule (PSA-NCAM) is normally absent from the adult brain 
but it is re-expressed on the surface of demyelinated axons in MS lesions, and it appears to exert a 
considerable inhibitory effect on oligodendroglial differentiation [109]. It prevents myelin-forming 
cells from attaching to axons, which results in a reduced rate of myelination. Conversely, cleavage of 
PSA from NCAM in co-cultures of oligodendrocytes and neurons substantially increases myelin 
formation [1 10] indicating that this posttranslational protein modification is important for restoring 
neuronal networks with accelerated signal propagation. Down-regulation of the axonal polysialic 
acid-neural cell adhesion molecule expression coincides with the onset of myelination in human 
embryonic brain [111]. Similarly, in transgenic mice that exhibit expression of the 
polysialyltransferase under the control of the PLP promoter prevents down-regulation of PSA in 
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oligodendrocytes, and leads to a reduction in myelin content in the forebrains, both during the period 
of active myelination and in adult brain [112]. However, in addition to its effect on myelination, 
PSA-NCAM is needed for OPCs migration [113,114]. The second role, therefore, may complicate the 
design of strategies aimed at removing barrier PSA to promote myelin repair. 

6.2. Notch Signaling 

The Notch signaling pathway is an important regulator of the balance between OPCs proliferation 
and differentiation in the developing CNS as well as PNS [115]. The Notch family includes four cell 
surface receptors (Notch l-Notch4), all of which are type 1 transmembrane proteins. Following 
binding of the receptor to its ligand, Notch is cleaved intracellularly twice: the first mediated by an 
ADAM metalloprotease and the second by a y-secretase complex, releasing an intracellular 
fragment — the Notch intracellular domain (NICD) — that is translocated into nucleus to activate gene 
transcription [116]. The ligand engaged on the Notch receptor determines whether the canonical or 
non-canonical signaling pathway is activated [117]. Both developing and mature oligodendrocytes 
express Notch 1 receptor [118]. 

Many factors involved in MS are expressed during development and are re-expressed or show 
increased activity in the disease state. This is particularly true for Jagged 1, one of five ligands of the 
Notch receptor. Jagged 1 can be expressed by axons, neurons and astrocytes throughout the 
brain [119]. In chronic active MS lesion, astrocytes were shown to express Jagged 1, where they are 
thought to interfere with efficient differentiation of OPCs and remyelination. Surprisingly, in 
adult cuprizone-treated transgenic mice lacking Notch in PLP-expressing oligodendrocytes 
(PLP-creERNotch lox/lox mice), conditional ablation of Notch 1 in oligodendrocytes did not produce a 
marked effect on remyelination [119]. Nevertheless, in a different study [120] Notch 1 inactivation 
was achieved using conditional gene expression system Oligl-Cre and Notch 1 floxed allele 
(01iglCre:-Notchl 12f/12f ). In these mice oligodendroglial differentiation was accelerated during 
development and myelin appeared to be normal. Remyelination after lysolecithin-induced 
demyelination has also been examined and more remyelinated sheaths were observed. In addition, an 
in vitro myelination experiment utilizing Notch 1 siRNA confirmed that Notch 1 signaling was 
permissive for OPC expansion but inhibited differentiation and myelin formation [120]. These studies 
revealed that astrocytes exposed to TGF-pi restricted OPCs maturation, suggesting that canonical 
Notch 1 signaling is involved in adult CNS remyelination (Figure 4A). It should be mentioned that 
TGF-pi induces expression of Jagged 1 in reactive astrocytes [121]. Moreover, this upregulated 
cytokine in MS was expressed by microglia and astroglia in demyelinating MS lesions [122] whereas 
Jagged 1 was expressed by reactive astrocytes in demyelinated but not remyelinated lesions. Taken 
together, both in vitro and in vivo approaches link Notch signaling with oligodendrocyte differentiation 
and myelination [118,120], having a particularly powerful inhibitory effect on oligodendrocyte 
differentiation. These results suggest that Notch might be critical for achieving remyelination and that 
Notch could be a therapeutic target in myelin disorders. 
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Figure 4. Hypothetical outcomes for demyelinated axon. Denuded axon impermissive for 
myelination. (A,B): remyelination failure and axonal death. Oligodendrocyte ensheathing. 
(C,D): remyelination leading to long-term neuroregeneration and functional recovery. 
(A) Transforming growth factor-P 1 (TGF-pi), secreted by resident microglial and 
astroglial cells, stimulates astrocytes in MS lesions to re-express the Notch ligand 
Jagged 1 [121]. Contact-mediated activation of canonical Notch signaling by ligand Jagged 1 
inhibits oligodendrocyte progenitor cells (OPC) differentiation and impermissive for 
proliferation [120]. (B) The denuded axon impermissive for myelination through surface 
expression of inhibitory molecules, such as PSA-NCAM [109], and interactions between 
axonal LINGO- 1 binding to oligodendroglial Nogo-A [133-135] prevent further 
myelination. (C) Activation of a non-canonical Notch signaling pathway triggered by 
axonal ligands including F3/contactin-l in OPC [123,124]. (D) Axonal laminin and LI 
bind oligodendroglial integrin (and then dystroglycan receptor) and contactin-2 promoting 
oligodendrocyte survival and myelination [136]. Additional abbreviations: LI, axonal cell 
adhesion molecule; MAG, myelin-associated glycoprotein; MOG, myelin oligodendrocyte 
glycoprotein; NgRl; Nogo-receptor 1; OPC, oligodendrocyte progenitor cell; PSA-NCAM, 
polysialic acid-neural cell adhesion molecule. 
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Another facet of Notch signaling is via non-classical ligands members of the contactin family. Both 
contactin and NB-3 promote oligodendrogenesis and OPCs differentiation [123]. Contactin 1 (known 
also as neural cell surface protein F3) promotes the differentiation of oligodendroglial cells in vitro and 
up-regulates MAG expression in oligodendrocytes [123,124]. Because contactin is normally expressed 
at the axonal paranode, unmyelinated axons receptive to myelination may upregulate contactin to 
signal oligodendrocytes to mature and begin myelination (Figure 4B). Furthermore, contactin was 
abundantly expressed in demyelinated axons in human chronic MS lesions [88]. This is of particular 
interest because contacin-2 has also been identified as an autoantigen targeted by T-cells in vivo [125], 
and contactin binding is able to induce y-secretase-mediated nuclear translocation of NICD, which is 
required for myelination signal transduction. In MS, this particular promyelination signal can be 
attenuated by the induction of TIP30, an inhibitor of Importin [3 [88]. Consistent with this, expression 
of TIP30 blocked contactin dependent expression of MAG and cellular differentiation in vitro. In 
addition, TIP30 inhibits differentiation by preventing NICD translocation. 

In summary, Notch 1 activation might depend on both the expression of astrocytic and axonal 
ligands, either of which could promote or inhibit oligodendrocyte differentiation. Overall, the role of 
Notch 1 in remyelination in MS becomes more complicated over time. In EAE, Notch 1 appears to 
block remyelination, although it is unproven whether Jagged 1 is the responsible Notch 1 ligand. 
Studies of MS tissue show that Notch 1 signaling is blocked by TIP30 up-regulation. Given the 
opposing roles observed for canonical and non-canonical bidirectional function of Notch signaling, it 
remains to be clarified how this important pathway can be modulated or supported in order to fully 
enhance remyelination. 

6.3. LINGO- 1 Pathway 

Injured adult CNS axons, in contrast to PNS, are unable to regenerate due to inhibitory factors 
resulting in loss of CNS functions leading to progressive disabilities [126]. Five myelin-associated 
inhibitory factors (MAIFs) have been identified: MAG [127], MOG [128], Nogo-A [129], 
Sema4D/CD100 [130] and ephirin B3 [131]. MAG, MOG and Nogo-A bind a three component 
receptor complex of NgRl, p75 and LINGO- 1 to activate the RhoA pathway that inhibits axon 
regeneration. NgRl is a member of the leucine rich repeat (LRR) superfamiliy of molecules [132]. 
LINGO- 1 (leucine rich repeat and Ig domain containing 1) also belong to LRR family [133] while the 
NGF (nerve growth factor) receptor p75 is a member of tumor necrosis factor (TNFR) superfamily. 

Functional diversity of p75 is attributed to its ability to interact with different protein partners to 
form multimeric receptor signaling complexes [137,138]. As a complex with Trk receptors, p75 
regulates neuronal survival and axon growth upon binding to neutrophins [139]. As a complex with 
sorticin, p75 induces neuronal cells to undergo apoptosis upon binding to pro-NGF [137]. As a 
complex with NgRl and LINGO-1, p75 inhibits axon regeneration upon NgRl binding to myelin 
components [138]. RhoA activation requires proteolysis of p75 by secretases after forming a complex 
with NgRl/LINGO-1 [140]. P75 in this complex can be functionally replaced by the another TNF 
family receptor, broadly expressed in postnatal and adult neurons, Troy [135]. 

LINGO-1 is expressed in normal CNS, specifically by neurons and oligodendrocytes [133]. 
LINGO-1 expression was also investigated in MS brain [133,134,141] and it was found that 
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total protein expression is reduced, whereas TROY is up-regulated. In MS lesions LINGO- 1 has 
been identified only in reactive astrocytes, macrophages/microglia and neurons but not in 
oligodendrocytes [141]. LINGO- 1 blocks oligodendrocyte differentiation, MAG and MBP expression 
and myelin formation in vitro in a dose-dependent manner [134,139]. Inhibition of LINGO- 1 function 
enhances remyelination in EAE animal models [142]. 

These results suggest that the axonal complex Nogo receptor NgRl, Troy/p75 and LINGO-1 might 
modulate neuro-glial interactions in demyelinated lesions by interacting with Nogo-A expressed on 
oligodendrocytes and this interaction may prevent oligodendroglial maturation and, hence, 
remyelination [45] (Figure 4C). Evidence from both in vitro and in vivo studies indicates that 
anatagonizing LINGO-1 favors both neuroprotection and remyelination, making LINGO-1 an exciting 
candidate for therapy [142]. The studies have provided a basis for treatment of MS through blocking 
LINGO-1 function [143]. In closing, a phase 1 clinical trial evaluating the safety and potential 
therapeutic utility of anti-LINGO-1 mAb in MS has already been completed (Clinical_Trials.gov 
identifier: NCT01244139). 

6.4. Integrin-Laminin Interaction 

A key step in the process of development and maturation of oligodendrocytes is regulation by 
axon-glial interaction. This is particularly true for interactions of oligodendroglial cell-derived integrin 
with axon-derived laminin that contribute to myelination. Integrin links extracellular environments 
with intracellular signaling molecules. Both a6 and pi integrin knockout mice show increased 
oligodendrocytes death during development, and integrin binding to laminins, present in the 
extracellular matrix surrounding axons, increases survival at low growth factor concentrations. 
Oligodendrocytes cultured on laminin-2 enhance myelin sheaths and mice and humans that lack the 
laminina2 chain are dysmyelinated. On the other hand oligodendrocytes deficient for pi integrin are 
unable to ensheath axons, highlighting a role for pi integrins in fostering early phases of myelination. 

In the CNS, laminin and integrin pi activate the pro-myelinating signals Akt-1 [144], 
Fyn [136,145,146] and p38 MAP kinase [111]. Recently Laursen et al. proposed the existence of 
an integrative signaling unit composed of a6pi integrin and its novel partner contactin 
[a glycosylphosphatidylinositol (GPI)-anchored cell adhesion molecule of the immunoglobulin family] 
interacting with axonal cell adhesion molecule LI and laminin [136] (Figure 4D). In this case signals 
from soluble growth factors, extracellular matrix and cell adhesion molecules on the axonal surface are 
integrated to enhance oligodendrocyte survival. LI is expressed on axons in developing CNS with a 
peak expression at the onset of myelination. Increased cell number and higher percentage of 
MBP-positive cells myelinate axons in Ll-Fc treated cultures [136]. The integration of axonal signals 
from LI and laminin present in the extracellular matrix and which binds to contactin present on 
the surface of oligodendrocytes achieving a novel complex of contactin/integrin through Fyn 
activation [136]. The presence of Ll-Fc, the extracellular portion of contactin ligand expressed on 
axons not only enhanced survival but additionally promoted myelination in co-cultures of neurons and 
oligodendrocytes [136]. In addition to this involvement in the myelination process, axonal contactin, 
initially diffusely distributed along the axons, later aggregates at paranodal junctions, where it interacts 
with Caspr and Nf-155 [147]. 
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Laminins are also recognized by "non-integrin" receptors including dystroglycan. For the CNS, 
blocking antibodies to dystroglycan receptors did not affect oligodendrocyte survival but did affect 
oligodendroglial production of complex membrane sheets and myelin segments when added on dorsal 
root ganglia neurons in vitro [148] suggesting that dystroglycan receptors may have a specific role in 
the regulation of terminal stages of myelination. Taken together, these results imply that axonal 
laminins first signal initiation of myelination through integrin/contactin receptors and then to 
myelination completion via dystroglycan receptors. 

6.5. Why Does Remyelination Fail? 

Although in adult human brain remyelination has been demonstrated in MS lesions [149,150], the 
capacity for regeneration in MS appears limited [151]. The mechanisms underlying this failure of 
repair are incompletely characterized [152,153]. There are a multitude of hypotheses as to why 
remyelination fails in MS, which may reflect either changes in environmental inputs or intrinsic 
pathways regulating OPCs functions [154,155]. Several factors are likely to impair the completion of 
remyelination. Among them are factors related to a defect in OPCs activation and recruitment, or to 
local inhibitors of remyelination [45,156]. Theoretically remyelination can be blocked at any point in 
the remyelination process: oligodendrocyte survival, proliferation, migration, maturation, and/or 
myelin sheath formation. In MS lesions late in the course of disease, oligodendrocyte recruitment is 
deficient and appears to be the primary reason for poor remyelination in late stage MS [153]. In late 
stage MS, remyelination appears limited by oligodendrocyte density, which could be a product of 
impaired survival, proliferation, and/or migration of oligodendrocytes. In lesions containing more 
oligodendrocytes, impaired oligodendrocyte maturation is a major problem for efficient remyelination 
of lesions. Beyond the oligodendrocyte recruitment and maturation, myelination also requires contact 
between axons and oligodendrocytes and creation of multiple wraps of oligodendrocyte processes 
around the axon, culminating in the myelin sheath. Another factor is that repeated demyelinating 
insults, as observed in the relapse-remitting form of MS, can exhaust the OPCs source so that 
remyelination failure may be regionally defined due to exhaustion of distinct progenitor pools. Also 
the glial scars formed within the lesion likely serve as a barrier between inflamed damaged tissue and 
normal brain and the glia are thought to secrete factors that may inhibit OPCs migration into the scar 
and subsequent differentiation. The presence of myelin-associated debris in the glial scar, including 
MAG, MOG and Nogo-A can prevent axonal regeneration and inhibit OPCs differentiation as 
well [157]. An additional hypothesis for the failure in remyelination in MS proposes that re-expression 
of developmental regulators of myelination, such as LINGO- 1 and PSA-NCAM, that may be 
re-expressed on stressed axons within the lesion and repel OPCs [158] (see above). The slow rate of 
OPCs repopulation of demyelinated lesions observed in animal models has led to concerns that 
remyelination may be unsuccessful in MS due to a temporal discordance between OPCs migration into 
the lesion and the inflammation required for OPCs activation that is generated from myelin 
breakdown [159]. Thus, there are a number of possible issues that limit remyelination within MS 
lesions. These include most prominently problems with oligodendrocyte maturation and the formation 
of myelin sheaths. Other significant factors include impaired oligodendrocyte migration and/or 
proliferation in lesions. 
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Interestingly, recent studies have suggested that remyelinating cells may also arise from the 
proliferation and differentiation into mature oligodendrocytes of NPCs from germinal areas of the 
telencephalon such as the subventricular zone [160]. Thus NPCs may represent an additional source of 
remyelinating cells in MS. Like all progenitors, OPCs and NPCs are subject to precisely coordinated 
intrinsic and extrinsic signals that provide highly regulated control of the balance between and timing 
of proliferation and differentiation. Manipulation of these signals may facilitate expansion of the 
available pools of progenitors, and/or their subsequent differentiation into myelin-forming cells. 

7. Cytokine-Based Immuno-Intervention 

7.1. Inflammation and Repair in MS under Cytokines Control 

Cytokines are essential mediators of the immune response, and an imbalance in the cytokine 
network plays an important role in the initiation and perpetuation of autoimmune diseases. There are 
multiple pathways in which cytokines are involved in MS pathology. In the immune compartment, 
cytokines are involved in modulating APCs for ideal antigen presentation to CD4 + T cells via the 
up-regulation of MHC class II molecules [161]. Additionally, cytokines stimulate APCs to up-regulate 
costimulatory molecules required for full T cell activation [161,162]. During T cell priming, APCs also 
release cytokines that induce differentiation of naive CD4 + T helper cells into effector or regulatory T 
cell subsets: Thl, Th2, Thl7, or regulatory T cells (Treg) [162]. Cytokines are also involved in aiding 
T cell trafficking into the CNS [163,164]. In the CNS compartment, cytokines affect the permeability 
of the BBB [165,166], OPCs differentiation [167], and activation of microglia and astrocytes to 
participate in disease progression and remyelination [168]. 

The activation of myelin-specific T cells accompanied by dysregulation of Thl, Th2, and Thl7 
cytokines is thought to be a major event for MS initiation, disease development and progression [169]. 
Production of pro-inflammatory Thl cytokines (e.g., TNF-a, IL-2, and IFN-y) by CD4 + T cells is 
increased in MS patients during an exacerbation [170]. In contrast, anti-inflammatory Th2 cytokines 
(e.g., IL-4, IL-10, and IL-13) predominate during disease remission [171]. The contribution of IL-17 
producing Thl 7 to autoimmune pathogenesis is a current focus of MS research. A recent study 
concluded that IL-6 selectively promotes the proliferation of Thl 7 cells by activating the T cell 
gpl30-STAT3 pathway [172]. Since IL-6 exerts only a minimal effect on Treg development, a drug 
that effectively blockades the IL-6-gpl30-STAT3 pathway in CD4 + T cells could inhibit harmful 
Thl7-mediated effects. The development of Thl 7 cells may depend on the presence of IL-23 during 
antigen stimulation [173], where IL-23 has a key role in Thl7-inflammation in vivo [174]. Moreover, 
recent data suggest that human Thl 7 differentiation is under mediated control of TGF-[3-enhanced 
responsiveness to IL-23 [175]. In MS, increased numbers of peripheral blood mononuclear cells 
(PBMCs) have been shown to express high levels of IL-17 mRNA, particularly during 
exacerbations [176]. In summary, cytokine-based manipulation offers a unique possibility to interfere 
with autoimmune diseases, including MS. However, the potency of cytokines coupled to the 
complexity of the cytokine network can lead to severe side effects, which can still occur despite careful 
preclinical evaluation. 
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7.2. Anti-Inflammatory Effect of Calpain Inhibition in MS 

The increased influx of calcium ultimately results in activation of multiple enzymatic 
processes [177,178]. While the events leading to pathophysiology in MS are not clearly understood, 
proteases, specifically the Ca -dependent neutral protease — calpain, may play an important role. 
Activation and expression of calpain is observed in various neurological disorders including MS and 
its animal model, EAE. The calpains are a family of at least 15 nonlysosomal, intracellular cysteine 
proteases that are activated by Ca 2+ at neutral conditions in cells [179]. Both ubiquitous and 
tissue-specific calpains have been identified. Ubiquitously expressed ones exist in CNS in two 
forms: as (j,-calpain and m-calpain requiring \\M and mM Ca 2+ concentrations for activation, 
respectively [180], and are regulated by calpastatin (its endogenous inhibitor), lipids and activator 
proteins [181,182]. Calpains play roles in many molecular processes including cell proliferation and 
differentiation, T cell activation [183], immune cell migration [184], signal transduction [185], 
necrosis [186] and apoptosis [187]. 

Increased activity and expression of calpain have been detected in CNS tissue, immune cells of MS 
patients and in its corresponding animal model, EAE [187-189]. During the active stage of MS 
pro-inflammatory Thl/Thl7 cells predominate over immuno-regulatory Th2/Treg cells [190]. We have 
shown that increased calpain activity is correlated with Thl/Th2 cytokine dysregulation in MS patient 
PBMCs during both relapse and remission and that calpain inhibition in these cells attenuates secretion 
of IL-2 and IFN-y, thus promoting an anti-inflammatory cytokine bias [191]. We have also examined 
the effect of calpain inhibition upon expression of Thl/Thl7-associated cytokines and their mRNA and 
protein levels in MS patient PBMCs. We found that calpain inhibition downregulated several 
inflammatory cytokines (IL-6, IL-12, IL-17, IL-23, TNF-a and G-CSF) while it up-regulated 
indoleamine 2,3-dioxygenase (IDO) expression; an enzyme that can lead to starvation and stress of 
Thl cells, impaired function of bystander Thl cells and immune cell apoptosis. We think that calpeptin 
treatment could produce inhibitory factors such as IDO that suppress T cell activation alleviating 
disease severity. In response to calpeptin or recombinant IDO, the proliferation of T cells was 
significantly attenuated. The role of IDO in promoting Th2 type cellular immune responses is 
supported by the data from the EAE model induced by adoptive transfer of MBP-specific T cells, in 
which both IDO mRNA expression and the kynurenine to tryptophan ratio, which reflect IDO activity, 
are increased during the remission phase. Reductions in Thl immune function through increased IDO 
production could further attenuate inflammatory cytokines, chemokines and alleviate neuthrophil 
migration, hallmark of MS development and progression. Thus, a high level of IDO expression may 
precede a favorable shift in Thl/Th2-mediated immune responses in the chronic inflammatory disease 
MS. These results point to an ability of calpeptin to reduce the pro-inflammatory cytokine profile of 
MS PBMCs, a feature that could reduce disease severity and prolong patient remission time [192]. 

In the acute Lewis rat model of EAE, calpain expression was correlated with T cell, macrophage, 
and neutrophil migration into the CNS [193]. Examination of the acute EAE spinal cord revealed that 

2_|_ 

Ca influx and calpain expression correlated with axonal damage, mitochondrial damage, and loss of 
structural integrity of microtubules and filaments [187]. 

It was recently reported that the administration of the calpain-inhibitor, CYLA 
(cysteic-leucyl-argininal), in chronic progressive EAE (MOG-induced disease model of MS) resulted 
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in barely detectable levels of axonal breakdown, as measured by amyloid precursor protein 
levels [194]. However the preclinical evidence that indicates a beneficial effect of calcium channel 
blockers is enticing although there are as yet no extant clinical trials of calcium channel blockers in 
patients with MS. 

In summary, our group has identified a role for calpain in the pathogenesis of MS and EAE, 
including demyelination [193], axonal damage, loss of neurons and oligodendrocytes [187] and 
modulation of proteins involved in apoptotic pathways [195]. In addition, calpain inhibition has been 
shown to attenuate the immunogenicity of MBP-specific T cells and disease severity in EAE, including 
the relapsing/remitting (R/R) model of the disease [187,196,197]. These studies indicate that inhibition 
of calpain may ameliorate immune pathology in MS. More importantly they implicate the use of 
calpain as a target for disease modification. Investigating the important role of calpain and its inhibiton 
on T cell cytokines and chemokines as well may provide valuable insight into the mechanisms by 
which CD4 + T cells elicit neurodegeneration in demyelinating diseases and may lead to novel therapies 
for MS. 

8. Antigen-Based Immune-Intervention 

8.1. Implications of Lymphocyte GL Reactivity and Anergy for Myelin Repair 

The three mechanisms [198] contributing to control of T cell reactivity are: (i) deletion; the physical 
elimination of antigen-specific T cells, (ii) anergy; the lack of T cells antigen responsiveness, and 
(iii) suppression; the inhibition of T cell function by a regulatory (suppressor) T cell. Lymphocyte 
roles can be revealed by changes in T cell reactivity and failure of these mechanisms may foster 
autoimmune diseases. Interference by inflammation-related alterations may affect remyelination. We 
postulate that for innate reactivity NKT cells regulation are relevant as for instance by treatment with 
the glycosphingolipid a-GalCer that elicits a NKT-cell-mediated suppressive effect on the effector 
function of encephalitogenic T cells [199] while for adaptive immune response CD4 + and CD8 + 
regulatory T cells can suppress EAE and their induction or enhancement influence remyelination 
regulation. Circulating lymphocytes in MS [200,201] are hyporesponsive to specific antigens. 
Importantly, these antigens are certain GLs that have been identified as exogenous but are almost 
certainly endogenous as well. The robust and GL-specific altered innate immune response in MS 
suggests that a completed robust iNKT activation with potent cellular and cytokine activities had 
occurred in the generation of the inflammatory demyelination. It may be that diverse GLs including the 
endogenous myelin acetylated-galactosylceramides (FMCs) can drive activation critical to controlling 
CNS inflammation and fostering myelin repair. It should be emphasized that iNKT cells and their 
invariant or iTCR (Va24Jal8Vpi 1) receptors constitute an innate defense separate from the T and B 
cell mediated adaptive immunity. The invariant NKT cells are part of a discrete immune arm separate 
from pep tide-driven acquired immune responses. 

The immunogenic lipids — complex GLs and sphingolipids — are unlike peptides that reside 
internally in that complex lipophilic molecules are located on the cell surface and therefore first 
encounter host immune defenses. Thus, they are situated to enable breaking tolerance with 
autoimmune reactivity, inflammation and disrupted myelin regeneration. The mechanism of 
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intolerance is problematic but molecular over-lapping implicit in molecular mimicry [202] or 
polyspecificity [203] is a plausible means for a protective defensive immune response to pathogen- or 
danger-associated molecular patterns (i.e., PAMP or DAMP conformations) to generate self-destructive 
attack or inhibition of remyelination. It's a practical reality that the slow pace and neglect of research 
pursuing lipids as driving antigens stems from their hydrophobic nature with solubility barriers 
complicating assays because the lipid limited aqueous solubility affects antigen presentation as well as 
binding reproducibility and sensitivity. 

Targeting myelin lipids as molecules of interest is in line with their important roles as immunogens 
and bioactive mediators [19,20,204,205] along with their recognized roles in a layered membrane 
investing axons and facilitating saltatory conduction. Myelin is greatly enriched in complex lipids and 
sterols as discussed above and depicted in Figure IB. All of them are potent immunogens and can 
affect inflammation. 

Several types of regulatory cells including CD8 + T cells, B cells and NKT cells participate in 
controlling pathological autoimmunity (see review [19]). NKT cells compel interest because invariant 
NKT cells are not only GL-reactive but also as described above constitute a distinct potent arm of the 
immune system that is separate from conventional peptide -binding T cells [206]. The invariant NKT 
(also designated as iNKT or type I NKT) cells employ a single species of TCR encoded by Va24Jal8 
a-chain gene segments in humans [207]. This iTCR binds mainly GL antigens and requires for lipid 
presentation CD Id; a non-classical monomorphic MHC-related antigen-presenting-cell (APC) surface 
protein [207]. The breadth of molecules reacting with the iNKT receptor (the iTCR) defines the iTCR 
as an innate pathogen pattern recognition receptor (PRR). The crystal structure of the complex formed 
by the potent ligand a-GalCer, human CD Id and the iTCR (Va24Vpil) has been examined and 
binding sites for both the GL ligand and the CD id presentation module identified on the iTCR 
a-chain [208]. Both iTCR and CD Id are conserved over evolutionary distance emphasizing the 
importance of NKTs in humans. The invariant TCR binds many GLs [209] that serve to activate and 
prime the iNKT cell for subsequent activation mainly by cytokines including IL-12, IL-10 and IL-17 
for diverse roles including inflammation and regulation. The two-step priming and subsequent 
activation by different molecules must be emphasized in this process. The second stage or immune 
activation responses include: (i) Thl -biased inflammation, (ii) regulatory T cell maturation, and 
(iii) pathogen defense [206]. These events are depicted in our scheme (Figure 5) outlining GL 
ligand/iTCR binding, subsequent T cell priming and activation to different functions that is determined 
by the local tissue environment and especially cytokines. 

INKT cells are cytokine-rich, potent and versatile, and the iNKT cell interface with innate GL 
conformational signal is a transformational bridge able to elicit specific cytokine messaging by IL-1, 
TNF-a, IL-12, IL-17 and others en route to specific responses by the acquired immune system. INKT 
cells produce large amounts of IFN-y and IL-4 upon activation particularly by a-GalCer [21 1,212] and 
have diverse effects in vivo [213] that includes during myelin repair or remyelination. 
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Figure 5. INKT cell-mediated immune responses (IR). Different antigenic GLs: 
microbial GLs; danger ligands; self antigens (Ags) compete for binding to iTCR; a 
pattern recognition receptor (PRR). Recognition is for different lipids — e.g., GLs, PLs 
and IR can be to microbial GLs (usually with high affinity) and overlap IR to self 
Ags (weaker affinity). The iNKT is (1) primed by the GL/iTCR/CDld receptor complex 
and (2) responds according to environment, mainly cytokines-dependent with diverse 
outcomes: (i) pro-inflammatory (Th-1 type responses), (ii) regulatory (Th-2 type) or 
(iii) anti-pathogen (Th-1 7 type) as shown for IL-12 for iNKT pro-inflammatory functions; 
for an IL-10-driven response generating regulatory Trl Treg (e.g., CD4 + CD25 + Foxp3) and 
also anti-pathogen activity triggered by IL-17 and IL-23. From Hogan et al. [210] with 
permission of OMICS Publishing Group. 
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Rendering iNKT-cells hyporesponsive or anergic to an endogenous GL is a novel insight 
into diseases manifesting aberrant iNKT-cell activation. Consequently this finding of GL 
ligand-driven anergy in MS has substantial implications. Anergy of MS circulating lymphocytes to the 
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exogenous a-GalCer ligand [200] or to the endogenous polyacetylated-GalCers (FMCs) [201] has 
been observed [12-14] (Figure 1C). In healthy individuals iNKT cells expanded upon stimulation with 
a-GalCer or acetyl-[3-GalCers accompanied by robust cytokine secretion [200,201] including secretion 
of cytokines associated with Thl cells (IFN-y), Thl7 cells (IL-17, TNF-a) and both pro-inflammatory 
(IL-ip, IL-6, TNF-a) and anti-inflammatory responses (IL-10) while the anergy of human MS 
circulating lymphocytes is consistent with previous iNKT cell usage and probably reflects saturation of 
the iTCR by GL antigen. This suggests that lymphocyte reactivity and especially that involving 
inflammation, should be explored in regard to the failure or severe limitation of remyelination, the 
process that should repair inflammatory demyelination. 

8.2. Promyelinating Antibodies and Potential for Remyelination in MS 

The induction of remyelination within the demyelinated lesions of MS CNS is an important 
therapeutic objective for strategies that promote axon remyelination within a critical time are 
neuroprotective for MS patient benefit. Remyelination in an active MS lesion proceeds in an 
inflammatory setting with processes driving tissue damage as well as repair. However the restorative 
process is often limited suggesting that the numerous OPCs remaining within and at the rim of the MS 
plaque are blocked on the path to myelination [5,151,214,215]. Treatment to modulate this would be 
clinically valuable. Transplantation of cells capable of myelination and fostered by administration of 
growth, trophic and neuroprotective factors [216] is one possible way, and another is application of 
CNS reactive antibodies to promote remyelination [217,218]. 

Such antibodies can be synthesized in situ [219], in response to sensitization with CNS white 
matter [220,221] or identified from existing collections of human antibodies [216,222,223]. The 
intriguing observation that certain monoclonal antibodies IgM immunoglobulin induce remyelination 
in the toxin-mediated (lysolecithin [224,225]), autoimmune (EAE, [226]) and virus-induced Theiler's 
murine encephalomyelitis (TMEV) [227] models of inflammatory demyelination resembling MS has 
been examined, and several mouse [228] and human [229] monoclonal antibodies identified. All of the 
remyelination-promoting IgMs (and no IgGs) that have been reported bind to oligodendrocytes and 
myelin. The rare IgMs with this capacity include the A2B5, 01, 04 and HNK-1 antibodies that bind 
GL antigens (GT3/9-0-Ac-GT3, GalCer, sGalCer and SGPG (sulfoglucuronyl determinant)) 
respectively. It appears that myelin lipid antigens are key antigens. A partial exception is a myelin-reactive 
anti-MOG antibody reported to promote remyelinating activity [218]. But for the latter we should note 
that the driving epitope for MOG might be the oligosaccharide. Other human antibodies, sHIgM42 and 
sHIgM12, that stimulate neuronal outgrowth appear to be directed against the oligosaccharides on 
gangliosides in neurons [230]. 

The human antibody promoting remyelination, designated as rHIgM22, was genetically engineered 
after being derived from the serum of patient with Waldenstrom's macroglobulinemia: the 
cDNA encoding the antibody was isolated from circulating lymphocytes [229]. This recombinant 
version-rHIgM22-promotes remyelination admist the inflammatory demyelination of TMEV [231], 
and also of lysolecithin toxin- induced demyelination [217,224]. Furthermore, rHIgM22 binds to 
surface antigens on mouse, rat and human oligodendrocytes, where it has been shown to activate a 
distinct Ca influx pathway [219] and also bind to lipid rafts inducing an anti-apoptotic signal 
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correlated with suppression of caspase-3 activation [232]. Importantly, the human IgM promotes 
myelin repair in human in MS by 5 weeks following treatment with a single, very low dose (500 ng) 
injection [233] and with an accompanying decreased lesion load detectable by MRI [234]. This novel 
and unexpected benefit along with the availability of rHIgM22 antibodies, and their apparent 
pro-myelinating properties not only render them valuable therapeutic candidate for MS therapies but 
also point up another biological potential of lipids and GLs for immunological and pharmacological 
roles. Manipulating cellular and humoral facets of the immune system can promote endogenous CNS 
repair, and the lipid antigens may well contribute importantly to the repair by transplanted cells. Thus, 
there is reason for optimism for therapeutic advances in the foreseeable future. 

8.3. Sphingoid Mediation of Inflammatory Demyelination and Treatment Options 

FTY720 (2-amino-2-propane-l,3-diol hydrochloride; fingolimod) is a sphingolipid analogue that 
profoundly affects immune function. It was initially identified as a derivative of myriocin, a metabolite 
of the ascomycete fungus Isaria sinclaria. FTY720 is a pro-drug that is phosphorylated in vivo by the 
appropriate phosphoryl kinase sphingosine kinase 2 (SphK2) [235] to its biologically active from 
FTY720-phosphate (FTY720-P); a structural analog of sphingosine- 1 -phosphate (SIP). FTY720-P 
binds to four out of the five known SIP receptors (SIPR1/3/4/5) but not to SIPR2 to produce prolonged 
receptor down-regulation [236]. The mechanism of action for FTY720 includes effects upon 
lymphocyte trafficking initial activation and eventual down-regulation of SIPRi to prevent lymphocyte 
egress from lymphoid tissue, thereby reducing auto-aggressive lymphocyte infiltration into sites of 
inflammation. The majority of circulating lymphocytes are sequestered in lymph nodes, thereby 
reducing peripheral lymphocyte counts and the recirculation of lymphocytes to the CNS [236]. 
Lymphocytes in secondary lymphoid organs and those remaining in blood continue to be functional. 
Interestingly, systemic exposure to FTY720-P, the pharmacologically active metabolite, appears to be 
administration route-dependent. Firstly, FTY720-P was quantifiable around its peak after oral 
administration, but not after intravenous infusion [235]. Secondly, oral administration of FTY720 
produced a significantly lower blood lymphocyte content than intravenous administration [237]. These 
results suggest that: (i) SphK2 is active during the absorption process and/or first pass through the liver 
and (ii) at least part of the phosphorylation of FTY720 occurs in the liver where there is abundant 
expression of SphK2 [238]. Lymphocyte subsets bearing the surface markers CD3, CD4, CD8, CD16, 
CD20 (B cells), CD45RA (T naive cells), CD45RO (T memory cells) were reduced by FTY720, 
whereas the numbers of peripheral blood granulocytes, monocytes, eosinophils, erythrocytes, and 
platelets remain unchanged [239]. T-cell counts are decreased more than B-cell counts, and CD4 + cells 
are affected even more than CD8 + cells [240]. This relative sequestration of T cells may be particularly 
advantageous in treating MS, because CD4 + T-cells are considered to be major contributors to the 
pathophysiology. Moreover FTY720 directly affects T cell by enhancing function of Treg cells and 
inhibiting the differentiation of proinflammatory Thl cells. 

In addition to the immunological mechanism of FTY720 action, recent studies indicate that the 
CNS is also a site of action for FTY720 [241]. Lipophilic FTY720 crosses the BBB and 
down-regulates SIPRi in neural cells and astrocytes to reduce astrogliosis, a phenomenon associated 
with neurodegeneration in MS. This effect might help restore gap-junctional communication of 



Brain Sci. 2013, 3 



1307 



astrocytes with neurons and cells of BBB [242]. There is a link between FTY720 efficacy and a 
possible reduction in astrogliosis. FTY720 exposure potentiated lysolecthin- induced astrogliosis via 
S1PR 3 and SIPR5 in spinal cord slices and reduced the accompanying demyelination. 

Additional effects of FTY720 might result from modulation of SIPR3 in astrocytes and of SIPRi 
and SIPR5 in oligodendrocytes. It is interesting that FTY720 levels are much higher in CNS than in 
blood and FTY720 deposition is mainly in CNS tissues rather than CSF [243]. In summary, FTY720 
has effects on lymphocyte trafficking, on the development and function of T cell subsets, and on CNS 
cells, all of which might contribute to its immunosuppressive mechanisms. 

FTY720 effectively ameliorates EAE [243-247]. FTY720-driven amelioration of local 
demyelination by inhibition of T cells infiltration in an EAE model may link this mode of 
anti-inflammatory prophylaxis to immune regulation [246]. FTY720 affects the in vitro biology of 
oligodendrocyte cell lineages (oligodendrocytes and OPCs) including survival, proliferation, 
migration, and differentiation, though we note that there are contradictory reports that may reflect 
FTY720 dosage or other variables [248,249]. Certainly these indications of how FTY720 reduces 
demyelination during EAE and/or MS [241] should be pursued for relevance to plaque healing and 
remyelination fostering. 

Two phase 3 clinical trials including FREEDOMS (FTY720 vs. placebo) and TRANSFORMS 
(FTY720 vs. IFN-P, currently used drug for MS) have been completed. These studies supported 
FTY720 efficacy versus paired controls at dose 0.5 and 1.25 mg [250,251], and FTY720 was approved 
by the FDA in September 2010 and now in use as Gilenya. It is the first oral therapy for 
relapsing-remitting MS although its side effects can be daunting. Nevertheless, pharmacological 
blockade of the S1P-S1PR axis is promising for MS treatment. 

9. Conclusions 

Approaches directly targeting progenitors of myelinating oligodendrocytes may lead to improved 
long-term outcomes and delay accumulation of chronic demyelination and perhaps axonal transection 
in MS. They might combine currently-approved or include new, pending or forthcoming 
immunoregulators or other immune treatment. These strategies may need to be considered for existing 
therapies [8,252,253] or await successful clinical trial [253,254]. In some cases, these strategies have 
not yet been validated by successful clinical trial in human patients presumably for reasons of cost or 
rationales that have not been fully understood or compelling [255]. Potential pragmatic confounds 
include incomplete CNS access, actions on additional lineages, and species differences. Moreover, the 
relationship between demyelination and axonal transection remains unclear and this is particularly 
important since the latter is reported to underlie the permanent disability observed later in the disease 
course. Notwithstanding these difficulties, protective and regenerative approaches represent an 
increasingly important translational focus. Their successful development is a critical goal for MS 
research. Design of therapeutics targeting only the inflammatory component may be short-sighted. 
Instead, drugs attenuating multiple mechanisms of neuronal loss may have greater promise in the 
treatment of neurodegenerative diseases. Nonetheless, the volume of evidence linking pro-inflammatory 
cytokine involvement to neurodegeneration makes this an exciting field of study with undeniable 
clinical relevance. 
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